Beam splitters, especially those with tunable split ratios, play significant role in interferometers, spectrometers, and communication systems. To this end, we proposed a polarization-controllable beam splitter based on dielectric metasurface composed of an array of dielectric pillars. The dielectric metasurface presents phase gradients along two orthogonal directions, say, x-and y-axis, with each phase gradient applicable to one of two orthogonal linear polarizations. Due to the orthogonality of the dual phase gradients in both position and polarization, an elliptically polarized incident beam can be diffracted into two refracted beams, one lies within xoz plane and the other in yoz plane. More importantly, the split ratio of the two refracted beams is continuously tunable by changing the ellipticity of incident beam. Under extreme case, x-or y-polarized incident beam is refracted into one beam, but in different planes for different kind of linear polarization. Besides, the refracted angle of each refracted beam in respective refracted plane can be easily set by adjusting the phase difference of adjacent rows or columns of metasurface. With same method, a polarization-controllable dual-wavelength beam splitter is also achieved on the basis of phase-gradient metasurface. Such a noncoplanar beam splitter with tunable split ratios may play significant role in novel miniature optical devices and systems.
Introduction
A beam splitter is an essential component in various optical and photonic applications for separating lights with different polarizations, wavelengths, and powers [1] - [5] . Traditional beam splitters based on waveguides [6] - [8] , gratings [9] - [11] and polymer platforms [12] are bulky and heavy, which limit their applications in compact and cost-effective systems. Metamaterials (MMs) are smartly engineered structures with rationally designed, nanostructured building blocks that allow us to no longer be constrained by the electromagnetic response of natural materials and their chemical compounds. Instead, we can tailor the shape and size of the structural units of a MM, tune the composition and morphology of the nanostructure, and achieve new, desired functionalities [13] . For example, by positioning metamaterials above a thick silver film separated by a silica dielectric spacer layer, or by suspending the metamaterials to reduce the effect of the substrate [14] - [16] , enhancing and modifying the magnetic plasmon resonance in metamaterials can be realized, which may find great potential applications in label-free biomedical sensing. Metasurfaces, comprising of a class of optical MMs with a reduced dimensionality, enable unprecedented control of the wavefront of light beam and thus have successfully opened a versatile avenue for the development of focusing and imaging devices, angular-momentum-based quantum information processing and integrated nano-optoelectronics [17] - [21] . At first, metasurfaces are designed using metals [22] - [24] . However, plasmonic metasurfaces suffer from high optical losses, especially at wavelengths shorter than the mid-IR. Although the reflection-type design can reduce the loss to some extent, the intrinsic heat dissipation is still a stumbling block to high efficiency of the plasmonic metasurface. This limitation can be overcome by replacing metals with all-dielectric structures [25] , [26] .
Actually, in addition to high efficiency, the split ratio is also an essential aspect to criticize the performance of metasurface-based beam splitter. If the split ratio of beam splitters can be flexibly modulated at will, then it will broaden the usage of beam splitters in various applications such as interferometers, spectrometers, and so on [27] , [28] . Although some works have been reported on beam splitters with adjusting splitting ratios [29] , [30] , there are still some drawbacks in the implementation. For instance, the terahertz beam splitter designed by Wei et al. [29] was based on a metasurface with symmetric element arrangement and each of the two halves presents different phase gradient. The split ratio is tuned by shifting the relative position between the center of incident beam and the center of the metasurface. This kind of beam splitter may not be applicable to miniaturized optical instruments and systems where all devices are spatially unmovable. The beam splitter designed by Zhang et al. [30] is composed of two rows of cylinder arrays with two opposite phase gradients and its split ratio is adjusted by selectively increasing the losses of one of the rows of cylinders. Inevitably, the transmission efficiency gradually decreases as the increase of material loss.
Here, we numerically demonstrated polarization-controllable high-efficiency beam splitters based on phase-gradient metasurface. The beam splitter can refract a single incident beam into two refracted beams with arbitrary splitting ratios lying in two orthogonal planes. In the design, we first propose a metasurface which exhibits phase gradients along two orthogonal directions, say, x-and y-axis, thus named as dual phase-gradient metasurface. The proposed dual phase-gradient metasurface comprises an array of supercell array, each of which consists of M × N elliptical pillars. By properly choosing the lengths of major and minor axes of the elliptical pillars, phase shifts covering the range from 0 to 2π in two orthogonal directions can be obtained. On the basis of the dual phase-gradient metasurface, a noncoplanar beam splitter is designed. To demonstrate the splitting performance of the noncoplanar beam splitter, some numerical simulations are performed using commercial FDTD Solutions. The results show that the carefully designed noncoplanar beam splitter can refract a single normally-incident light beam into two cross polarized refracted beams, which lie in two orthogonal refracted planes. Particularly, when x or y linearly polarized beam is incident on the metasurface, the designed beam splitter function as double deflectors, with the deflected beam located in xoz plane or yoz plane, respectively. More importantly, unlike shifting the location of the metasurface [29] or increasing the losses level of cylinders [30] , the split ratio between the two refracted beams of the proposed beam splitter can be tuned flexibly and continuously by manipulating the ellipticity of incident beam. Besides, the refracted angle of each refracted beam in respective refracted plane can be easily set independently by changing the size of the supercell. Furthermore, since the supercell can be designed at a specific wavelength, the noncoplanar beam splitter can also be designed as a polarization-controllable dual-wavelength beam splitter. We envision that this type of noncoplanar beam splitters with tunable split ratios have significant applications in complex miniaturized optical devices and systems.
Theoretical Analyses
Each unit cell of the metasurface can be optically taken as a waveguide truncated on both sides [31] . For unit cell with asymmetric cross-section, such as elliptical pillars, different lengths in major and minor axes exhibit different effective refractive indices, leading to different phases shifts. So, by controlling the cross-section of elliptical pillars, phase shifts covering the range from 0 to 2π can be obtained, which is essential for the design of metasurface-based devices. For an elliptical pillar with no rotation, the major and minor axes can impose two polarization-dependent phase shifts on the wavefront of incident light. The transmission property of such nanostructure can be expressed using the Jones matrix
where φ x , φ y are phase shifts for x-and y-polarization, respectively. Different phase shifts φ x , φ y can be achieved by changing the cross-section of unit cell, that is, by changing the lengths of the major and minor axes of the elliptical pillar. In principle, it is attainable to design such an array of elliptical pillars whose phases φ x remain unchanged while phases φ y change periodically with the change of cross-section. Similarly, it is also fully realizable to design an array of elliptical pillars whose phases φ y remain unchanged but phases φ x change periodically with the change of cross-section. In other words, such birefringent nanostructures provide two degrees of freedom for phase control of incident light. Therefore, a metasurface with two independent gradients that correspond to xand y-polarized incidence can be implemented. Since these two polarized incident beams are orthogonal, the phase gradients of the metasurface do not interfere with each other. On the basis of above analysis, a dual phase-gradient metasurface composed of periodically arranged supercell arrays is proposed as schematically illustrated in Fig. 1(a) . The supercell consists of M × N high refractive index silicon (n = 3.56) elliptical pillars with different cross-section, resting on an infinitely thick silica substrate as shown in Figs. 1(b) and (c). It has been demonstrated that high-ratio silicon nanopillars in the near infrared can independently and arbitrarily control phase and polarization of light beams with high transmittance at the subwavelength scale. Here, P denotes the side length of square unit cell, D x and D y denote the lengths of the major and minor axes of the elliptical pillars, respectively. To pattern two independent phase gradients with phase shifts covering from 0 to 2π on a single metasurface, the phases φ x and φ y of each unit cell must satisfy the condition described like this Where i denotes row, and j denotes column. That is, phases φ x and φ y have incremental phase of 2π/M and 2π/N between adjacent rows and columns, respectively. It has been reported that due to the present of phase gradient along the interface, the refracted beam of metasurface is governed by the generalized Snell's law [32] . Following the same analysis, the metasurface with dual orthogonal phase gradients can control the propagation direction of refracted beam through the following expanded generalized Snell's law:
where d φ ς denotes the phase difference between adjacent unit cells along ς axis. Equation (3) implies that the dual phase-gradient metasurface can refract incident beam into different planes at different refracted angles. In detail, when the metasurface is illuminated normally by x-polarized light, the refracted light will be located in xoz plane with refracted angle of θ t x , and when the metasurface is illuminated normally by y-polarized light, the refracted light will be located in yoz plane with refracted angle of θ t y . Furthermore, when the metasurface is illuminated normally by an elliptically polarized light, the metasurface will refract the incident light beam into two beams simultaneously, which are being within xoz plane and yoz plane, respectively. Here, we set N = M = 3, other values of N, M could also be chosen. Hence, the incremental phase between adjacent rows (columns) is 2π/3. To ensure high efficiency, elliptical pillar height H and the side length of square unit cell P (figures 1b, c) are optimized at the design wavelength of 915 nm. In this design, as each unit cell can be optically taken as a waveguide, the height of the unit cell should be tall enough to provide 2π phase coverage through a range of crosssections, i.e., different lengths of major and minor axes of the elliptical pillar. Meanwhile, in order to deflect the incident light into the desired diffraction order, we set P = 400 nm and the elliptical pillar height H = 715 nm at the wavelength of 915 nm. We compute the transmissions T x , T y and phase shifts φ x , φ y of x-and y-polarized plane waves for all mutual values of the elliptical axes D x and D y in the range of 0.2P − 0.8P by using commercial FDTD Solutions (The simulated results are not shown here). Then, we select nine elliptical pillars that satisfy the phase condition in (2) to form the supercell. Fig. 2 shows the simulated results of the nine elliptical pillars, and the inset is the top view of the designed supercell. In Fig. 2 , for the three elliptical pillars on the same row (as numbered for 1,2,3; 4,5,6; 7, 8, 9) , their phases φ x exhibit positive gradient ranging from 0 to 2π with an incremental phase of 2π/3(as denoted by blue line), while phases φ y remain unchanged (as denoted by red line). Similarly, for the three elliptical pillars on the same column (as numbered for 1,4,7; 2,5,8; 3,6,9) , their phases φ y exhibit negative gradient ranging from 0 to 2π with an incremental phase of 2π/3(as denoted by red circles), while phases φ x remain unchanged (as denoted by blue circles). In addition, as shown in the figure, the difference between the maximum and minimum transmittance is 0.11, and the maximum difference between the phase of elliptical pillar and the theoretical phase is 9.4 deg. These simulated results show the selected nine elliptical pillars have almost unity transmissions and required phases, which ensures the realization of dual phase-gradient metasurface.
Simulations and Discussions
On the basis of the supercell shown in Fig. 2 , a noncoplanar beam splitter are elaborately designed and some numerical simulations are performed to verify the splitting properties of metasurface-based beam splitter using commercial FDTD Solutions, where an infinitely thick silica substrate, light beam with wavelength λ = 915 nm and periodic boundary conditions are utilized. In subsection 3.1, the refraction performance of the beam splitter is discussed in detail for normal incidence of linear polarization. Then, as an important aspect of a beam splitter, the adjustable split ratios are demonstrated in subsection 3.2 by changing the ellipticity of incident beam. In subsection 3.3, to display the freedom to set the refracted angles and select wavelengths along two orthogonal directions, another two noncoplanar beam splitters are designed and discussed.
Noncoplanar Beam Splitter With High-efficiency Splitting Performance
According to theoretical analysis, the incident beam will be refracted into different planes depending on its polarization. In particular, when the incident beam is x-polarized, the refracted beam will be located in xoz plane, and when the incident beam is y-polarized, the refracted beam will be located in yoz plane. Meanwhile, as the supercell has the periodicity of P x = NP = 1200 nm with positive phase gradient along x-axis and P y = MP = 1200 nm with negative phase gradient along y-axis, the beam splitter will refract x-and y-polarized incident beams into +1 and −1 diffraction order, respectively.
The refraction of the dual phase-gradient metasurface for x-and y-polarized incidence has been numerically simulated and the diffraction order distributions in xoz and yoz planes has been calculated. The simulated results are shown in same as simulated value. The good consistency between the simulated results and the analytical results derived from (3) indicates the validity of the expanded generalized Snell's law in describing the split angles of the noncoplanar beam splitters. In addition, for x-polarized incident beam, the total transmittance is 0.77, in which the +1-order diffraction is 0.67, accounting for 87% of the total transmittance; for y-polarized incident beam, the total transmittance is 0.767, in which the +1-order diffraction is 0.66, accounting for 86% of the total transmittance. The loss is due to the fact that a small amount of energy is refracted to other diffraction orders, such as −1-order diffraction and +1-order diffraction for x-and y-polarized incident beam, respectively. The simulated results verify that the proposed beam splitter has good beam splitting performance and high efficiency.
Noncoplanar Beam Splitter With Tunable Split Ratios
Any elliptical polarization can be represented by two orthogonal linear polarizations, such as xand y-polarizations. So, if the elliptical polarization of incident beam can be expressed as [a, bi] T , then the values of a and b (represent x-and y-polarization components, respectively) determine the ellipticity of the incident beam. For example, when a > b > 0, the proportion of x-polarization is larger than y-polarization. Conversely, when b > a > 0, the proportion of y-polarized light is larger than x-polarization. In particular, the incident light is x-polarized light if a = 0, b = 0 and y-polarized light if a = 0, b = 0. For a = b, the proportion of x-and y-polarization is equal, so the incident light is circularly polarized light. Since the designed beam splitter is polarization-controllable, and the refracted beam in xoz/yoz plane is only related to the incidence of x-/y-polarized, arbitrary ratios between the two dominant refracted components of the transmitted light can be achieved flexibly by simply adjusting the ellipticity of the incident light.
The simulated performance of the proposed noncoplanar beam splitter under normally incident light with different ellipticity is shown in Fig. 4 . Here, right handedness is chosen for elliptical polarization. Shown in Fig. 4 , for y-polarized incidence, the transmittance of the dominant refracted component in yoz plane (labeled by T yz ) reaches a maximum value, which is almost equal to 1. However, at this time, the transmittance of the dominant refracted component in xoz plane (labeled by T xz ) is 0.001, which is completely negligible. As the x-polarization component increases, T xz gradually increases while T yz decreases. Particularly, when the incidence is circularly polarized, i.e., the proportion of x-and y-polarization is equal, the value of T xz is nearly equal to T yz . Beyond this, the proportion of x-polarization component exceeds y-polarization component, and correspondingly, the value of T xz exceeds the value of T yz . Finally, when the incidence is only x-polarized, the value of T xz is maximized, and the value of T yz is minimized. The ratio of the former to the latter is 0.999:0.001. The simulated results confirm that the split ratios of the noncoplanar beam splitter designed in this paper can be flexibly modulated by changing the ellipticity of incident beam. Compared with previously reported approaches of shifting the relative position between the center of incident beam and the center of the metasurface [25] and selectively increasing the losses of one of the rows of cylinders [26] , the tunable strategy of ellipticity presented in this paper is more convenient, efficient, and universal in the fields of miniaturized optical devices and systems.
Noncoplanar Beam Splitter With Different Refracted Angles and Wavelengths
According to (3), the refracted angles θ t x and θ t y of the two refracted beams lying in xoz and yoz planes depend on the corresponding phase gradient d φ x /dx and d φ y /dy respectively. As the phase gradients of the two orthogonal directions of the metasurface designed herein are independent of each other, different phase gradients can be realized by changing the matrix orders of the supercell. Therefore, different refracted angles can be achieved by designing supercells of different orders.
Here, another supercell has been designed with size of 4 × 3 under the wavelength of 915 nm, i.e., the incremental phases d φ x , d φ y of the dual phase-gradient metasurface are 2π/3, 2π/4, respectively. With the positive phase gradients in x-and y-axis, the beam splitter will refract x-polarized incidence into xoz plane and y-polarized incidence into yoz plane with +1-order diffraction, respectively. The simulated electric fields E x and E y in the transmission field of the beam splitter are shown in Figs. 5(a) and (b). As expected, the refracted component of the light for x-polarized incidence lies in xoz plane with a refracted angle of 49.69 deg, and similarly, the refracted component of the light for y-polarized incidence lies in yoz plane with a refracted angle of 34.88 deg. According to (3) , the theoretical refracted angle for normal incidence can be calculated by θ = sin −1 (λ/d ), where d denotes the lattice length of the supercell. Here, the theoretical refracted angles θ t x and θ t y are 49.69 deg and 34.88 deg, exactly same as simulated value. Besides, the transmittance of the desired diffraction order for x-(y-) polarized incident light are obtained as 0.71 (0.76), accounting for 87% (89%) of the total transmittance. Furthermore, according to theoretical analysis, the propagation phases φ x and φ y of each elliptical pillar can be independently tailored by changing the lengths of major and minor axes of the pillar. Meanwhile, since the major and minor axes of the pillar in the supercell are selected for a specific wavelength, the propagation phases φ x and φ y of each pillar are related to the wavelength of the incidence. Therefore, in theory, it is entirely possible to design an elliptical pillar whose propagation phase φ x depends on λ 1 , and the other phase φ y depends on λ 2 . In this way, a dual-wavelength beam splitter can be realized by using such elliptical pillars. To this end, a supercell has been designed with size of 4 × 3 for x-polarized incident light with wavelength of 460 nm and y-polarized incident light with wavelength of 530 nm. To reduce optical losses in visible region, elliptical cross section TiO 2 pillar sitting on a square silica substrate with side 200 nm long are selected, and all pillars have as same height as 600 nm. Similar to the aforementioned beam splitter in above subsection, the dominant refracted components are desired to be contained within +1-order diffraction in xoz and yoz planes when their corresponding polarization states of light The transmittance of the total diffraction orders and +1-order diffraction for x-polarized incident light also are calculated, they are 0.9 and 0.64, respectively. For y-polarized incident light, the corresponding transmittance are 0.9 and 0.56, respectively. Higher transmittance can be achieved by optimizing the geometric parameters of the supercell, such as the array orders, and the parameters of the elliptical pillars, such as the period, height, and the length of major and minor axes. Besides, all the refracted lights have well-fined wave-fronts, which verify that our proposed noncoplanar beam splitters have good splitting performance.
Conclusion
In conclusion, we propose a dual phase-gradient metasurface which exhibits phase gradients along two orthogonal directions. On the basis of the dual phase-gradient metasurface, we designed a noncoplanar beam splitter which can refract a single normally-incident light beam into one or two beams, depending on the polarization of incident beam. When the noncoplanar beam splitter is illuminated by x-(y-) polarized light, it can refract light into xoz (yoz) plane with high transmission efficiency. When the noncoplanar beam splitter is illuminated by elliptically polarized light, it can refract the light into two cross polarized beams, which lie in two orthogonal refracted planes. More importantly, the split ratios between the two dominant refracted components can be flexibly tuned by adjusting the ellipticity of the incident light which is more convenient, high-efficient, and universal in practical applications, instead of shifting the location of the metasurface or changing the losses level of the nanostructures reported in previous literatures. Besides, the refracted angle of each refracted beam in respective refracted plane can be set at will independently by changing the size of the supercell. Furthermore, since the supercell could be designed at a specific wavelength, the designed noncoplanar beam splitter can also function as a polarization-controlled dual-wavelength beam splitter. We believe such a noncoplanar beam splitter with tunable split ratio may play significant role in novel miniature optical devices and systems.
